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ABSTRACT 

Sodium chloride crystals were grown from melt as uniform <loo> 
rods, 3 to 5 mm in diam with flat {lo01 faces. The mechanical 
properties of these as-grown crystals were compared with those of 
predeformed crystals and with annealed, water-polished cleavages 
of comparable size, purity, and dislocation density. Bend tests were per- 
formed using four-point loading at strain rates of 1.5 to 3 X lO-'/sec. 
The load and deflection data were reduced, under the assumption of 
quasi-elastic behavior, to obtain T ,  the outer-fiber (1101 < l i O >  shear 
stress and E, the outer-fiber tensile strain. 

The stress-strain curves of the as-grown crystals were similar to 
those of face-centered cubic metals; they showed a sharp yield point, 
a region of easy glide of slope GI = dT/dE ,  and a second stage of 
increased work-hardening rate beginning at 5.5 to 8% strain. A linear 
relation existed between GI, the yield stress ( T u ) ,  and the calcium 
concentration ( C )  : 

GI N 33.5 (Tu - 18) N 184C 
This suggests that a pure, as-grown crystal would have a yield stress 
of 18 g/mm' and virtually no work hardening during the first stage 
of deformation. 

In contrast, the stress-strain curves of the predeformed crystals and 
cleavages showed numerous idiosyncrasies, sdch as anelastic feet 
and soft vs stiff behavior. Moreover, the G, of these specimens was 
invariably higher than that predicted for as-grown crystals of com- 
parable yield stress. These idiosyncrasies are, therefore, attributed to 
artifacts ( e.g., slip bands) introduced during cleavage or predeforma- 
tion. The soft vs stiff effect is attributed to the orientation of the pre- 
deformation slip systems with respect to those activated during the 
test; the effect is, therefore, related to the phenomenon of latent 
hardening, which apparently persists through annealing. 

Although the as-grown crystals were exposed to divers atmospheric 
environments prior to testing, there was no indication of embrittle- 
ment. This suggests that the embrittlement of cleavages is due to the 
interaction of emerging slip bands with the atmosphere. The only 

VI 
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ABSTRACT (Cont‘d) 

effect of water polishing was to increase the rate of stage I1 work 
hardening. When bent under water, however, the as-grown crystals 
showed a dramatic increase in ductility and could be tied in knots. 
This increase in ductility cannot be accounted for by most of the 
current explanations of the Joffe effect; therefore, it is proposed that 
this dynamic Joffe effect is a consequence of the enhanced solubility 
of stressed crystal surfaces. 

It is concluded that most of the inconsistencies in the existing litera- 
ture on the mechanical properties of sodium chloride crystals are the 
result of artifacts introduced during cleavage or polishing. Therefore, 
only as-grown crystals, of the highest possible purity and perfection, 
should be used in future research on the subject. 

1. INTRODUCTION 

Sodium chloride crystals sometimes exhibit a high 
degree of ductility, in many respects comparable to that 
of face-centered cubic metals (Ref. 1). In general, the 
mechanical properties depend drastically on the prior 
history of the crystals; moreover, there is a wide range of 
idiosyncrasies among specimens with identical histories. 
These idiosyncrasies are summarized in the following 
paragraphs. 

An anelastic region of initial deformation, prior to 
the elastic region, is often observed. This “foot” on the 
stress-strain curve is sensitive to the pretreatment given 
the specimen and is attributed to dislocation loops intro- 
duced into the specimen by cleavage (Ref. 2). 

The yield stress and the shape of the stress-strain curve 
vary erratically from one specimen to another. This 
variation appears to depend on such aspects of the history 
of the specimen as the annealing temperature, time, and 
cooling rate (Refs. 2 and 3), exposure to atmosphere 

during and after annealing (Refs. 3 and 4), water polish- 
ing of the surfaces (Ref. 2), and impurity content (Ref. 3). 

Bend tests of specimens cleaved or sawed from a single 
crystal block show two distinct classes of behavior: 
(1) “soft”, low rate of work-hardening; and (2) “st i f f” ,  
high rate of work-hardening (Refs. 5 and 6). Crystals 
showing one type of deformation exhibit the other when 
rotated 90 deg with reference to the axis of bending. In 
unanneded water-polished cleavages, the type of de- 
formation can be predicted from the pre-existing slip 
systems (i.e., the birefringence patterns); therefore, the 
effect is attributed to strain introduced during cleavage. 
There appears to be no such correlation, however, for 
annealed specimens (Ref. 6). 

The overall ductility of sodium chloride crystals is 
greatly affected by surface treatment. Abrasion or 
scratching causes drastic embrittlement (Ref. 5). Freshly 
cleaved specimens exhibit considerable ductility but 
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rapidly become brittle when exposed to the atmosphere. 
Water polishing of the cleavage surfaces restores and 
even enhances the original ductility (Ref. 7); subsequent 
exposure to the atmosphere may or may not cause re- 
embrittlement. These effects have been attributed to 
reaction with oxygen or nitrogen (Ref. 8), the formation 
of NaClO,, surface barrier (Ref. 9), the reaction of CO, 
with OH ions on the crystal surface (Ref. lo), or to the 
presence of stress-concentrating steps caused either by 
dissolution and recrystallization in moist air (Ref. ll), 
or by the evaporation of residual polishing solution 
(Ref. 12). 

It is important to note that all of the preceding ob- 
servations were made on clcaoagcs of sodium chloride 
crystals although, in this material, the process of cleaving 
always results in deformation throughout the entire 
crystal. Specimens observed between crossed polaroids 
invariably show slip bands (Le., networks of birefringence 
bands). Frequently, when thin rods are cleaved for 
tension or bend tests, the specimens are visibly warped 
or curved. The customary starting material for this type 
of research-random pieces from optical-quality com- 

mercial crystals-invariably exhibit birefringence bands 
as received. Alden (Ref. 13) has demonstrated that acti- 
vated slip systems in alkali halide crystals inhibit or 
hinder the operation of the other nonorthogonal slip 
systems; this phenomenon is known as latent hardening. 
Moreover, the process of cleavage causes extensive sur- 
face damage in the form of cracks, cleavage steps, dis- 
location loops (Ref. 14), and localized areas of extensive 
deformation. All of these defects, which can extend to a 
considerable depth below the cleavage surface, can 
greatly affect the mechanical properties of a specimen. 

It may be therefore concluded that some, or all, of the 
idiosyncrasies in mechanical behavior of sodium chloride 
are the result of artifacts introduced during cleavage. 
Accordingly, the proper material for study would be 
as-grown crystals, free from a11 predeformation and sur- 
face damage. The work described in this Report 
represents a preliminary survey to determine whether 
macroscopic as-grown crystal rods of sodium chloride 
show more uniform, reproducible, and comprehensible 
mechanical properties than annealed, water-polished 
cleavages of the type usually studied. 

II. EXPERIMENTAL 

A. Crystal Rods 
A study (Ref. 15) of the morphology of NaCl crystals, 

pulled from melt by the Kyropoulos-Czochralski method, 
disclosed two modes of growth for crystals grown in the 
<loo> direction: (1) a rounded, ridged form, favored 
by high melt temperatures, slow pull rates, or decreasing 
cross section; and (2) a faceted form, with well developed 
{loo} faces, favored by low melt temperatures, fast pull 
ratcs, or increasing cross section. Mode (2) is presumably 
a nonequilibrium form, controlled by the absence of 
growth-step forming nuclei. By careful control of tem- 
perature, pull rate, and seeding procedure, it was 
possible to grow thin uniform <loo> rods with a 
rounded-square cross section and prominent {loo} faces. 

The dominance of the (100) faces so stabilized the 
<loo> orientation of the rods that, if the seed was 
inserted with the <loo> direction at a 5- to 10-deg 
angle from the vertical, the crystal rod grew in the 
<100> rather than the vertical direction. 

The crystal rods used for the tests were grown in the 
apparatus shown in Figs. 1 and 2. The furnace, contain- 
ing conventional nichrome semicylindrical heating elc- 
ments, was mounted in an aluminum dry box. The pull 
rod was introduced through an O-ring seal. An ungettered 
argon atmosphere was used; the system was evacuated 
to 2 1 0  microns and flushed with argon two or more 
times. Reagent-grade sodium chloride was used, without 

2 
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Fig. 1. Exterior view of crystal grower showing pull mechanism, vacuum pump, and view port 

3 





further purification, as the starting material (a typical 
analysis is shown at the bottom of Table 1). The salt was 
melted in nuclear-grade graphite crucibles. In summary, 
no attempt was made to produce crystals of unusually 
high purity. 

Ca AI k 

A typical crystal rod is shown in Fig. 3. The { loO} faces 
are typically half as wide as the diameter of the crystal 
(i.e., 3 to 4 mm) and are, within the limits of microscopic 
observation, flat and smooth, except for occasional 
growth steps presumably nucleated by dirt particles in 
the melt or by abrupt changes in temperature or pull 
rate. On a few of the crystals, one of the (100) faces is 
completely rounded, presumably because of a hot spot 

0th.I. Y 

on the corresponding side of the furnace during growth. 
The edges are rounded and tend to undulate slightly, 
thereby reflecting slight variations in growth conditions. 
In those cases where the crystal was rotated during 
growth, the edges are slightly ridged. The crystals 
showed no trace of a birefringence pattern under 
crossed polaroids. 

Si MS Cu Co AI Fa 

All of the crystals were stored for over a year before 
testing, sometimes in a dessicator, and sometimes in the 
open air under widely varying conditions of humidity 
and NO, or ozone concentrations. Thus, there would 
appear to have been ample opportunity for atmospheric 
embrittlement prior to testing; in fact, the crystal surfaces 

Othar' Y 

Table 1. Spectrochemical analyses of NaCl cleavages, crystal rods, and starting material 

"Limits of dotection" 

10 0 5  05 1 4 5 30 
PPm PP" PP" PPm Ppcn Ppcn rn 

210 Trace 1.1 13 10 7 - - 

I EkIfNnt I 
* 

Nil 
26 

- -  
- -  
89 

Trace 

16 

- -  

1-1 

5- 1 

5-3 

6 2  

6-3 

14-2 

15-1 

22-1 

22-2 

25-1 

25-2 

253 
261 

262 

1.8 9.5 - - 

1.9 11 15 63 - 
1.0 24 - - - 
2.9 18 - - - 

1.0 12 - 
1.2 11 - 

1.5 25 - - Nil - 

- 

- 
- 
- 

- 
29 
- 

Trace 

- 
- 
- 
- 

Trace 

46 

Trace 

Trace 

- 
- 

- 
1.1 

1.5 

1 .o 
1.7 

6.8 

0.8 

0.7 

1.3 

1.1 

1.8 

1.8 

1.5 

1 .o 
0.8 
- 

20 

14 

8.6 

8.4 

8.2 

12 

13 

10 

9.6 

21 

14 

15 

19 

7.4 
- 

As-grown crystals 

1.7 

29 
24 
16 

15 
17 

- . 

Nil 

I 

Nil 

I 
Nil 

lest 
specimen 

7-2 { 
7-3 

7-4 i 
8-1 { 
8 3  

I Elecmn? 

Material used for growing crystals' 

<3 <3 - 
2.2 12 <5 - - - <3 

247-5-1 - - 
- - 1.3 2.8 13 <5 - - 

*Limits of detection: Li, 30 ppm; I(, 600 ppm; 6, 60 ppm; Mn, 2 pprn; Ni, Cr, V, Pb, 5 ppm. 

bEstimabd at 3 to 4 pprn by other laboratory. 

'Analyses of one typical sample. 

5 
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Fig. 3. <loo> NaCl crystal rod, showing (100) faces 

became somewhat dull as a result of atmospheric etching. 
Most of the crystals were tested without prior surface 
treatment (a few were water polished immediately before 
testing) in the same manner as the cleavages described 
in B. 

As a rule, each crystal rod was cleaved into two or 
more specimen lengths. In every case, a nearly perfect 

(100) cleavage was obtained, with little or no deforma- 
tion (i.e., birefringence) beyond 3 to 4 mm of the cleavage 
surface. In testing these specimens, care was taken to 
ensure that the deformed end was well beyond the test 
area. Special mention must be made of two crystals that 
were slightly deformed as a result of careless handling 
during storage (indicated by a slight birefringence pat- 
tern throughout the crystal). Specimens from these 
crystals were water polished prior to testing and are 
reported separately. 

6. Cleavages 

A 38- X 50- X 64-mm cleavage of cleavage quality 
optical sodium chloride' was cleaved into rods approxi- 
mately 5- to 6-mm square in cross section. Cleavage was 
effected by lightly sawing a carefully oriented groove 
and then cleaving with a light tap on a microtome blade 
set at a sIight angle to the groove; previous experience 
indicated that this method causes the least plastic 
deformation. 

The as-received crystal block showed a birefringence 
pattern indicative of 2 orthogonal (100) < l i O >  slip 
systems (i.e., a network of intersecting lines, oriented 
45 deg to the surfaces of the block, was observed through 
one pair of cleavage faces while a diffuse birefringence 
was observed through the others). This pattern was 
accentuated to varying degrees by further cleaving, in 
the same manner as reported by other laboratories 
(Ref. 6). To keep track of the orientation of the initially 
operative slip systems, the specimens were indexed with 
reference to their birefringence pattern. Unfortunately, 
the index marks were in some cases obliterated during 
subsequent water polishing and orientation of the slip 
systems had to be made by identification of the speci- 
mens from prior photographs; therefore, these pre- 
deformation orientations are not entirely reliable. 

All cleavages were polished for 20 to 80 min in a 50% 
hydrochloric acid solution, rinsed in pyridine and dried. 
They were then annealed for 8 hr in an argon atmosphere 
at a temperature of 700°C and cooled at a rate of 
200"C/hr (this procedure is similar to that used in other 
laboratories, Refs. 2, 3, and 6). After annealing, all traces 
of birefringence had disappeared. The specimens were 
repolished, using the same procedure as before, dried, 
and stored in a dessicator until testing. 

'Purchased from the Harshaw Chemical Company, Cleveland, 
Ohio. 

6 



C. Comparison of Crystal Rods and Cleavages 

Spectrochemical analyses of all the specimens tested 
are listed in Table 1. The values reported for aluminum 
and silicon are somewhat questionable; these elements 
are unlikely impurities in the NaCl lattice but are 
invariably present in the carbon electrodes. Moreover, 
the emission lines of Al and Si are intensified by the 
presence of volatile halides. The values for the remaining 
elements reported in Table 1 are probably reliable only 
as relative concentrations for comparison between speci- 
mens. The cleavages appear to have lower concentra- 
tions of metal ion impurities than do the crystal rods, 
but both are of the same order-of-magnitude in overall 
purity. 

No attempt was made to analyze for anionic impurities. 
Inasmuch as the Harshaw Chemical Company makes an 
effort to remove all impurities that impair the optical 
transmission, it may be presumed that the cleavage 
specimens have lower concentrations of SO4=, NOa=, 
COS=, B r ,  and I- than do the crystal rods. On the other 
hand, since the Harshaw crystals are grown in air (to 
encourage precipitation of metallic impurities), the 
crystal rods may have lower concentrations of O=. Pre- 
sumably the predominant anionic impurity is hydroxide 
ion, which forms at high temperatures from the adsorbed 
and included water present in all solution-crystallized 
sodium chloride by the reaction: NaCl + H,O + NaOH 
+ HCl (Ref. 16). Otterson (Ref. 17) has found that 
appreciable concentrations of OH- are present in all 
sodium chloride crystals grown from melt. Since no 
attempts to remove this ion (e.g., by treatment with 
dry HCl) were made, either upon the Harshaw material 
or the crystal rods, it is presumed that comparable con- 
centrations of OH- are present in all specimens. 

Dislocation densities were measured by etch-pit counts. 
These measurements were not made on the test speci- 
mens, which might have been scratched or bent during 
microscopic examination, but on comparable crystal rods 
and cleavages prepared in an identical manner. Speci- 
mens were etched by Mendelson’s technique (Ref. 18) 
and rinsed in pyridine. Photomicrographs were taken and 
the etch-pits counted by a semiautomatic method (Ref. 19). 
The dislocation densities ranged from 1.3 X lo6 to 
5.0 X 106/cmZ for a typical cleavage and averaged 
1.25 x 106/cm2 for the crystal rods. Therefore, it may be 
assumed that the dislocation densities are of the same 
order-of-magnitude for both types of specimens. 

A photomicrograph of the etch-pit pattern of a typical 
crystal rod is shown in Fig. 4. A well-defined substructure 

of low-angle boundaries is visible as single-line arrays of 
dislocations; few dislocations are observed within 
individual crystallites. In contrast, the etch-pit pattern of 
annealed cleavages (Fig. 5) appears to be more diffuse and 
random. However, X-ray diffraction topographs of typical 
Harshaw cleavages indicate a substructure of 1- to 2-mm 
crystallites with a mutual misorientation of 1 to 2 min of 
arc (Ref. 20); this is qualitatively comparable to the 
etch-pit structure of the crystal rods. 

The cross sections of all specimens tested are shown 
in Fig. 6. It will be noted that the crystal rods tend to be 
more rounded and of smaller cross section than most of 
the annealed cleavages, but, as will be shown, the dif- 
ferences do not appear to be sufficient to affect a com- 
parison of the mechanical properties. 

The surfaces of both types of specimens are, as a rule, 
microscopically smooth. Occasionally, however, the crys- 
tal rods have growth steps such as are shown in Fig. 4. 
It has been suggested that such steps can act as stress- 
concentrating notches and thereby reduce the overall 
ductility (Ref. 11). 

In summary, except for predeformation, most of the 
differences between the crystal rods and the annealed 
cleavages appear to be of little consequence except pos- 
sibly for dislocation density and metallic ion impurity 
concentrations. Moreover, there appears to be less varia- 
tion among the cleavages than among the crystal rods, 
so that a greater range of idiosyncrasies in the mechani- 
cal behavior of the cleavages would seem to be validly 
attributable to the effects of predeformation. 

D. Testing Procedure 
The specimens were tested in flexure, not only to 

eliminate the problem of deformation-free gripping, but 
also because one of the most striking types of idiosyn- 
crasy-soft vs stiff behavior-has been reported only for 
bend tests (Refs. 5 and 6). 

The test fixture is shown in Fig. 7. Four-point loading 
was used so as to produce uniform stress in the region of 
maximum deformation. The lower load members were 
spaced 30 mm apart and the upper load members 10 mm 
apart. All load members were 3.175 mm (% in.) hardened 
steel rods which, in accordance with the admonition of 
Rothwell and Greenler (Ref. 6), were so fitted into their 
mountings as to be capable of free rotation, thereby 
minimizing tensile or compressive stress contributions 
(ball bearing mounts could not be used because of their 

7 
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Fig. 4. Typical etch-pit patterns of NaCl crystal rods 
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Fig. 5. Typical etch-pit patterns of annealed cleavages of NaCl 

9 



J P L  TECHNICAL REPORT NO. 32-923 

CLEAVAGES 

22-1 

Kr I 

I 
i 

I 

t 

CRYSTAL RODS 
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Fig. 6. Cleavage cross sections of bend-test specimens of NaCl crystal rods and annealed cleavages 
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be reliably equated to load vs true deflection. Experi- 
ments with metal strips and 2-in. steel bars, in the 
specimen position, confirmed the assumption that load- 
cell deflection, cross-head deflection, and irregularities 
in deflection rate and chart speed could be ignored. All 
tests were conducted at deflection rates of 0.05 mm/min; 
this is equivalent to outer-fiber strain rates of 1.5 to 
3 X 10-5/sec. This slow rate was chosen to permit 
accurate recording of abrupt changes in load; bending 
specimens by hand indicated that, at least in the case of 
the crystal rods, far higher deformation rates could be 
employed without substantial change in mechanical 
behavior. For this reason also, differences in true outer- 
fiber strain rate, caused by testing specimens of varying 
thicknesses, could be ignored. Tests were stopped either 
at the first sign of fracture or when the specimen had 
been bent in a 90-deg arc (15 to 20% outer-fiber strain), 
since, at these high deflections, the tests ceased to have 
quantitative significance. 

Fig. 7. Jig used for bend tests 

interference with polarized-light photography of the 
specimens during deformation). As a further precaution, 
the upper load members were mounted on a central 
pivot to ensure equalization of loading. 

Before each test, the upper and lower parts of the test 
fixture were aligned and centered with respect to each 
other. The specimen was then inserted, with a flat { l00) 
surface resting on the lower members, and aligned in a 
similar manner. The cleavage specimens were also 
oriented with reference to the predeformation slip sys- 
tems that had been observed as birefringence lines before 
annealing. Specimens in one group (A) were oriented SO 

that the pairs of orthogonal slip systerr?s activated by 
predeformation were also those activated during the 
bend test; these specimens were expected to exhibit soft 
behavior. The other group of specimens (B) were oriented 
SO that the predeformation slip planes were vertical and, 
therefore, nonorthogonal to the slip systems activated by 
testing; this group was expected, on the basis of latent 
hardening effects and the observations of Rothwell and 
Greenler (Ref. 6), to exhibit stiff behavior. 

Bend tests were conducted on a table model Instron 
(Model TM-M-L) testing machine. The strip chart re- 
corded load vs time which, for the tests described, could 

The parameters of testing were measured in the usual 
manner. The load (L )  was measured directly from the 
strip chart. The deflection (D) was equated to chart 
length X machine deflection rate + chart drive rate and 
was accordingly measured directly from the chart. The 
cross-section moments of inertia ( I )  and the outer-fiber 
distances (h) were measured graphically. After testing, 
each specimen was cleaved in or near the region of 
maximum deflection. Photomicrographs of these cross 
sections (Fig. 6) were then superimposed on a translucent 
r vs y3 grid (Fig. 8). Since the moment of inertia for any 
one vertical column from the centroid is equal to ry3/3, 
the total number of grid boxes contained within the 
specimen cross section equals thirty times the moment of 
inertia. The cross-section photomicrograph was in each 
case positioned so as to contain an equal number of 
boxes above and below the centroid; this is equivalent 
to the assumption of pure bending. This method of 
estimating I was found to be accurate within - ~ 5 % .  
In a similar manner, the outer-fiber distance (h) was 
ineardid s &e Everage of the maximum distances from 
the centroid to the upper and lower edges. 

E. Other Measurements and Tests 

After completion of the bend tests, the radius of curva- 
ture ( R )  and the thickness ( ~ 2  h) of each specimen were, 
whenever feasible, measured directly with an optical 
comparator. The measurement of R was so lacking in 
precision (about &lo%) that the resultant calculations of 
outer-fiber strain at termination of test ( E ;  = h / R )  can 
only be regarded as approximate confirmations of the 
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Fig. 8. Grid (x vs y3) showing estimates of moment of inertia 

elastic-equivalent outer-fiber strain at termination of 
test E,. Specimens were also examined for slip bands, 
localized deformation near load members, and any other 
significant visible features. 

Preliminary to the preceding tests, crystals and cleav- 
ages were bent by hand under varying conditions of rate 
and environment and after various pretreatments. The 
results of these tests are reported in the next Section. 
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111. DATA REDUCTION' 

In comparing bend tests of specimens with different 
cross sections, some authors prefer to plot the unreduced 
instrumental data (Refs. 2 and 10). This was considered 
disadvantageous for the data presented in this Report, 
inasmuch as variations in the load-deflection curves, 
caused by variations in the Z or h of the different speci- 
mens, might be so great as to obscure any real idiosyn- 
crasies. On the other hand, a detailed plastic-deformation 
analysis of each test would have been not only difficult 
and time-consuming, but also unwarranted by the pre- 
cision of the tests and measurements. Therefore, as a 
compromise, the assumption of quasi-elastic behavior 
was made. An elastic-equivalent outer-fiber shear stress 
(T) and an elastic-equivalent outer-fiber strain (E) were 
calculated. Under conditions of purely elastic deforma- 

where Y is the elastic modulus. Since Y = S / E  (assuming 
Hooke's law) and, from the previous equations, 
S = Lah/2l then: 

6Dh E = -  
%* (3) 

Since, for each specimen, T a L and E a D, the 
elastic-equivalent stress-strain curves could be obtained 
by merely rescaling the ordinates and abscissas of the 
strip chart load-deflection curves. The resultant curves 
are shown in Figs. 9 through 14. 

The pertinent parameters of the bend tests are sum- 
marized in Table 2. These include in addition to those 

tion, T and E would be equivalent to the true outer-fiber 
shear stress (resolved along <liO> on the (110) slip 
planes) and the true outer-fiber tensile strain in the 
region of uniform maximum deformation (i.e., between 
the inner load members). 

already described: 

w/2h the width-to-thickness ratio of the cross section 
of the specimen 

T, the elastic-equivalent outer-fiber < 110> re- 

In pure elastic bending, S = Mh/Z, where S is the ten- 
sile stress on the outer-fiber of the beam, M is the 
bending moment, h is the distance from the neutral axis 
to the outer fiber, and I is the moment of inertia of the 
cross-section area about the neutral axis (Ref. 21). In 
four-point loading, the bending moment is equal to the 
product of the load on one inner member, L/2, and 
the distance between the inner and outer member, 
a (Le., m = La/2, Ref. 22). The outer-fiber tensile stress 
is related to the resolved shear stress, T, as T = S cos 9 
cos X (Ref. 23). In the present case, @ (the angle between 
the slip-plane normal and the axis of tension) and (the 
angle between the slip direction and the axis of tension) 
are both 4.5 deg. 

Combining these equations we obtain: 

Lah 
4 1  

T = -  

solved shear Stress at the yield point, which is 
presumed to be the first detectable deviation 
frclm linear elastic behavior, excluding initial 
anelastic feet 

the average slope of the stress-strain curve, 
dT/dE, during the first stage of plastic defor- 
mation; e.g., between the yield point and the 
onset of increasing slope. (This quantity is ob- 
viously somewhat subjective but is probably 
reliable within 2 5 % .  It provides some indica- 
tion of the rate of work hardening as defor- 
mation increases, but should not be confused 
with the standard work-hardening rate that 
would be obtained from the true-stresshue- 
strain of a tensile test.) 

the elastic-equivalent strain at fracture or at 

G, 

E ,  
termination of the test as calculated from 

(1) Eq. (3) 

E; the outer-fiber strain at fracture or at tennina- 
tion of the test & measured directly from the 
thickness (2h) and radius of curvature, R, of 
the specimen, i.e., 

The machine deflection, D, is assumed to be equivalent 
to the specimen deflection at the inner load member. 
For the testing fixture used here, and again assuming 
pure elastic bending, this equals (Ref. 22): 

E; = h/R (4) 

'For a definition of terms, refer to page 29. 

(2) Before discussing the results of these tests, it is first 
necessary to use the data to examine the validity of the 
assumptions used in data reduction. A plot of E ,  vs E; 
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Fig. 9. Elastic-equivalent stress-strain curves for annealed cleavages of NaCl (0 to 3% strain) 

14 



N 
E 
E 

cn- 
\ CI, 

cn w a 
k 
:: a 
I cn 
A 
0 
.3 

00 

a 

a w 
LL 

w 
I- 
3 
0 
I- 
2 w 
-J 

3 
O w 
I 

P - 

Li 
4 
0 

w c 

E: ELASTIC-EQUIVALENT OUTER-FIBER STRAIN, % 

I I I I i I ! I I I 1 I I I I I 
0 I 2 3 

Fig. 10. Elcrtic-equivalent stress-strain curves for asgrown NaCl crystal rods (0 to 3% strain) 

15  



J P L  TECHNICAL REPORT NO. 32-923 

N 
E 
E 

m- 

a 

a 

\ 0 

cn 
W 

!z 
[L 

W 
I 
v) 

a 
W 
I- 
2 200 

!i 

9 
s 

4 

W 
-I 

5 

0 
I- 
v) 

W 
c 

E: ELASTIC-EQUIVALENT OUTER-FIBER STRAIN, '10 

1 I I I I I I I I I I 1 I I I I 
2 3 0 I 

Fig. 11. Elastic-equivalent stress-strain curves for predeformed NaCl crystal rods (0 to 3% strain) 

1 6  



JPL TECHNICAL REPORT NO. 32-923 

I I 1 I I I 

r 
I 
I 
I 

I I 1 I I I 

0 0 0 0 0 0 8 0 8 0 
0 
0 0 m 

0 0 

f N 2 

1 7  



JPL TECHNICAL REPORT NO. 32-923 

N 
E 
E 

vi 
a 

a a 

\ 
m 

cn 
W 

I- cn 

W 
I cn 
a 
W 

LL 
I 

rY 
W 

0 

m 

5 
n 
2 - 
v 
I- z 
W 
J 

3 
8 
5 

0 

a 
I- cn 
J 
W 

I- 

l80C 

160C 

140C 

12oc 

IOOC 

80( 

60( 

401 

201 

I 

E: ELASTIC - EQUIVALENT OUTER - FIBER STRAIN, Yo 

I I I I I I I 
0 2 4 6 8 

I 1 
10 12 14 16 

Fig. 13. Elastic-equivalent stress-strain curves for predeformed NaCl crystal rods (complete tests) 

18 



JPL TECHNICAL REPORT N6. 32-22? 

I I 1 I 
0 0 0 0 0 0 0 
0 0 

I I I 

0 
0 

N 
0 * 0 ID 

0 

P 9 E 2 

a-" 

z a a 

a 

m 

a 

t- 
v) 

W 

LL 
I 

W 
t 
3 
0 
t- z 
W 
J a 
1 
3 
8 
I 

t- 
v) 

J 
W 

W 

0 

a 

R 

9 

!e 

s 

N 

P 

m 

10 

* 

N 

0 

1 9  



Fig. 15. localized abrasion and deformation on NaCl bend-test specimen due to movement of 
crystal against load member 

shows good agreement for strains below 10% but indi- 
cates a systematic discrepancy at higher strains, the E f  
becoming anomalously high. The primary requirement 
(ie., &at T and E be independent of the size or shape 
of the specimen) was tested by plotting T ,  and GI against 
the geometric parameters of the specimens: I, h, and 
~2212.  In no case was there any sign of a correlation or 
trend. It therefore seems safe to assume that, for the first 
few percent of strain, T and E are reliable approxima- 
tions of the true stress and the true strain. 

At higher strains, however, when the specimen is 
curved into a visible arc, there are inevitable geometric 
complications. The deflection. D, and the load member 
spacing, a, must be corrected for the finite thicknesses of 
the specimen and the load members. Sforeover, even 

with rotating load members, there is a tendency for local- 
ized stress concentration and deformation where the 
specimen toiiches the !OX! =embeis. ‘%e exisience of 
these effects in the tests presented in this Report is 
shown in Fig. 15, which shows abrasion and deformation 
where the specimen rubbed against the outer load 
member, and Fig. 16, which shows irregularities in the 
birefringence pattern of bent specimens. An additional 
complication arises from the cross-sectional shape of the 
specimen. Round specimens tend to fracture more easily 
than square specimens, due to the development of anti- 
clastic kink boundaries near the comers (Ref. 24). For all 
of these reasons, the values of T and E at high strains 
must be regarded as having qualitative significance only 
and comparisons should only be made between speci- 
mens of nearly identical size and shape. 
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Pre- 
treat- 
menta 

tpeci- 
men 

Table 2. Results of bend tests of NaCl cleavages 
and crystal rods 

I,mm‘ h,mm w12hTv .S  - E, E; K 
mm- mm’ 

. 6X  los 
24.2 
2.8 
5.8 
24.2 
15.6 
1.9 
3.5 
16.8 
3.1 
4.1 
3.2 
8.5 
2.5 

rods 

Cleavages 

0.018 
0.024 
0.021 
0.035 
0.025 

>0.174t 
>0.16Eb 

0.044 

0.070 
0.056 
0.048 
0.088 

0.076 
>0.173’ 

- 
1-1 

5-1 

5-3 
6-2 
63 
14-2 
15-1 
22-1 
22-2 
25-1 
15-2 
15-3 
!6-1 
!6-2 
- 
- 
6-1 
7-1 
7-2 
7-3 
7-4 
8-1 
8 3  
- 

- 

P 

P 
- 

17.4 
65.3 
85.1 
61.8 
52.4 
14.9 
18.3 
69.9 
62.8 
70.3 
48.2 
71.5 
72.9 
17.2 

- 
10.4 
28.3 
7.9 
7.5 
19.4 
13.0 
19.4 

1.98 
2.72 
2.79 
2.63 
2.50 
1.87 
1.92 
2.69 
2.83 
2.81 
2.45 
2.77 
2.80 
1.92 

0.86 
0.93 
1.15 
1.04 
1.13 
1.05 
1.06 
1.03 
0.90 

0.94 
1.14 
1 .oo 
0.94 
1.07 

- 
73 
75 
70 
28 
77 
15 
55 
70 
75 
68 
75 
60 

40 
57 
- 

As-grown crys 

1.76 
2.39 
1.70 
1.72 
2.15 
1.87 
2.12 

0.96 
0.99 
1 .oo 
1.02 
1 .oo 
1 .oo 
0.96 

- 
162 
193 
75 
100 
80 

123 
I47 
- 

4.5 
5.0 
2.0 
2.7 
1.9 
3.8 
4.5 

Predeformed crystal rods 

p 19.8 2.06 0.99 150 
4-3 p 13.0 1.81 1.00 255 17.0 

4 = predicted sof t  behavior 
L = predicted s t i f f  behavior 
I = annealed 
I = water polished 

pecirnen that did net fia,tu;r 

0.150 
0.076 

>0.141’ 
>0.148’ 
>0.161* 
> 0.1 59t 
0.200 

0.105’ 
0.076 
0.183 

>0.140b 
> 0.144’ 

>0.152’ 

0.131 
0.08 1 

>0.100’ 
>0.115’ 
>0.123’ 
>O.l@ 
0.173 

- 
2‘ 

621 

5. 
5: 
I1 ( 
I61 
51 
8; 

!9! 
6i 
71 
76 
!9C 
64 
- 
- 
31 
29 
35 
33 
31 
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35 
- 

Fig. 16. Birefringence patterns of NaCl 
bend-test specimens 
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The early stages of deformation of the annealed cleav- 
ages (Fig. 9) exhibit all of the idiosyncrasies reported 
by other authors. Several of the curves have prominent 
anelastic regions in the initial stage of deformation; 
others have kinks or irregularities in shape near the yield 
point. The yield stress varies between 60 and 80 g/mm2 
for most specimens; however, in a few cases, the yield 
stress is much higher or lower. 

The most prominent idiosyncrasy is the variation in 
GI. The specimens tend to be divided into two distinct 
groups: (1) those exhibiting soft behavior (GI < 6 X lo3), 
and (2) those exhibiting stiff behavior (GI > 8 X lo3). A 
comparison of GI with the predicted behavior on the 
basis of predeformation birefringence (groups A and B) 
shows a significant correlation. The average GI is 5.4 for 
group A, and 12.5 for group B. A possibly more mean- 
ingful empirical correlation factor is K = GI (Tv - 18), 
which is approximately constant for the as-grown crys- 
tals. The average value of this factor is 113 for group A, 
and 205 for group B. 

In contrast to the erratic curves of the cleavages, the 
as-grown crystal rods (Fig. 10) behave in a much simpler 
manner. There are no indications of initial anelastic de- 
formation and few, if any, irregdarities. Each crystal has 
a sharp yield point and a linear region of easy glide. 
There is considerable variation in T ,  and GI, but even 

these quantities are apparently linearly related (Fig. 17) 
so that there seems to be only one parameter of varia- 
tion; according to the equation: 

where K N 33.5. 

Of especial significance is the behavior of the prede- 
formed crystal rods (Fig. 11). These show the anelastic 
region and wide variation in GI characteristic of the 
cleavages. As shown in Fig. 17 and Table 2, K varies by 
almost a factor of two. Thus, the quantity ( K  - 33.5) 
appears to be a crude empirical measure of the amount 
of work hardening caused by predeformation. 

As has been previously mentioned, even qualitative 
comparisons of the T vs E curves at high deformations 
(Figs. 12 through 14) should be made with caution. 
Nonetheless, there are a few prominent features worth 
noting. The curves for the as-grown crystals (Fig. 12) are 
all quite similar. All have a linear region of easy glide, a 
well defined transition (at E = 5.5 to 870) to a steeper 
linear region and a third region of gradually diminishing 
slope. These appear to be analogous to the stages I, I1 
and 111 of deformation of sodium chloride crystals in 
compression as reported by Davidge and Pratt (Ref. 2.5). 
Surprisingly, the water-polished crystals have a steeper 

A 

A 

01 I I I I I I I I I I I I 
0 2000 4000 6000 8000 10,000 12,000 14.000 16,000 l8.000 20,000 22,000 24,000 

q:AVERAGE dT/dE DURING FIRST STAGE OF DEFORMATION, g/mm2 

Fig. 17. Variation of 1, and GI for NaCl bend-test specimens 
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slope in the second stage of deformation; this suggests 
that a water-polished surface acts as a greater barrier to 
dislocations or slip bands than does the as-grown surface. 

In contrast to the as-grown crystals, the predeformed 
specimens (Fig. 13) and, with a few exceptions, the cleav- 
ages (Fig. 14) have higher slopes throughout the course 
of their deformation. Moreover, the predeformed crystals 
and cleavages fall into two distinct p u p s :  (1) those 
having either a second stage of deformation with a higher 
slope than the first stage (e.g., predeformed crystal 14-1 
and cleavages such as 22-1) or having a continuous in- 
crease in slope, e.g., cleavage 26-2 (a behavior not unlike 
that of the as-grown crystals); and (2) those having a 
second stage of deformation with a lower slope than the 
first, e.g., predeformed crystal 1 4 3  and cleavages 5-1, 
6-3, 14-2, and 22-2. In these latter cases, the onset of 
the second stage varies widely from one specimen to 
another, occumng at strains of M to 870. This apparent 
inversion of the relative slopes of stage I and stage I1 
deformation appears to be the most characteristic differ- 
ence between soft and stiff behavior. 

Another surprising feature is the lack of correlation of 
early-stage work hardening with ultimate ductility. Some 
crystals and cleavages with high K values were deformed 
to strains of 15% or more, whereas some of the “softest” 
cleavages fractured below 5% strain. 

At first glance, the as-grown crystals seem to have far 
higher ductility than the cleavages. With the exception 
of specimen 7-1, the average E f  of the as-grown crystals 
was in excess of 16% with four of the 6 specimens re- 
maining unbroken throughout the test. In contrast, the 
average E f  of the cleavages (excluding unpolished speci- 
men 1-1) was 7.2% with only three specimens surviving 
elastic-equivalent strains of 17% or higher. We may, 
therefore, assume that the cleavages have lower ductility 
than the as-grown crystals because of cleavage-induced 
surface damage; however, there is an alternative explana- 
tion. An examination of Table 2 shows that the cleavages 
were, on the average, considerably larger than the crys- 

tal rods (the average h values being 2.48 and 1.86 mm, 
respectively). Significantly, the three most ductile cleav- 
ages, each having an E f  more than twice as high as any 
other cleavage, are also the three smallest cleavages, 
having an average h of 1.90 mm. Moreover, the only 
as-grown crystal which fractured below 15% strain 
(specimen 7-1) was also the largest? This coincidence is 
too strong to ignore, and additional experiments will be 
necessary to determine whether ultimate ductility de- 
pends primarily on cleavage damage or specimen size. 

In addition to the aforementioned data, the following 
qualitative observations were made: 

1. Several of the bent crystal rods exhibited distinct 
slip bands on the compressively deformed surface 
(Fig. 18). 

2. The crystal rods are greatly embrittled by scratch- 
ing the surface with sandpaper or by cutting a 
groove with a razor blade. Even under these cir- 
cumstances, however, there is some localized plastic 
deformation before fracture. 

3, Macroscopic solid inclusions (e.g., graphite particles 
from the crucible) caused no obvious impairment of 
ductility. 

4. Crystals that were deformed slightly seemed to be 
extremely brittle when tested several days later. 

5. The ductility of the crystal rods is not obviously 
rate sensitive. Some specimens were bent to strains 
of 15% or more within five seconds. 

6. Although the as-grown crystals showed no enhance- 
ment of ductility by prior water polishing, they 
exhibited the Joffe effect to a remarkable degree. 
When immersed in water, crystal rods could be tied 
into knots within a few seconds (Fig. 19). 

31t should be noted, however, that this specimen had numerous 
growth steps and ridges on its surface; these could have acted as 
stress concentrators and thereby caused premature fracture. 
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Fig. 18. Slip bands on compressively deformed surface of bent NaCl crystal rod 
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Fig. 19. As-grown NaCl crystals bent (a) in air, and (b) under water 
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V. DISCUSSION 

A. Stress-Strain Idiosyncrasies 

Most of the commonly observed stress-strain idiosyn- 
crasies (i.e., initial anelastic regions, soft vs stiff behavior, 
and other variations in the shape of the curve) are ob- 
served in the cleavages and the predeformed crystals but 
completely absent in the as-grown crystals. Therefore, it 
appears obvious that these idiosyncrasies are entirely the 
result of predeformation. 

The anelastic foot is observed in approximately half 
the cases of soft behavior in predeformed crystals and 
cleavages. It is therefore suggested that this phenomenon 
is the result of bending the crystal in the direction oppo- 
site to that of the predeformational bending, thereby 
triggering the release of dislocations in the stress fields 
of pile-ups or bowed-out segments of partially pinned 
dislocations. At this time, no explanation can be given for 
the survival of these prestressed areas after annealing. 

0. Soft-Stiff Effect 

Although the soft-stiff effect is apparently due to pre- 
deformation, its exact cause is still obscure. The effect is 
geometrically specific (Le., a cleavage is soft when bent 
in one direction and stiff when bent in the other) even 
after repeated cycling between the two directions (Refs. 5 
and 6); therefore, it cannot be accounted for in terms of 
a quantitative variation of work hardening by interaction 
of slip bands with forest dislocations. Another explana- 
tion (i,e., the latent hardening of one pair of slip sys- 
tems by another previously-activated nonorthogonal pair, 
Refs. 13 and 26) has the requisite geometry but cannot, in 
its simplest terms, account for the phenomena observed 
in the tests previously described. In latent hardening 
experiments on sodium chloride (Ref. 26), the “hard 
direction has a much higher flow stress than the soft di- 
rection but shows no work hardening; it is the soft 
direction that, after activation of the hard slip systems, 
shows a higher work-hardening rate. The explanation of 
this discrepancy may lie in either the inherent differences 
between bending and compression tests, or in a more 
complex latent-hardening interaction between all six slip 
systems. 

In any case, the mechanism of latent hardening is still 
obscure. One possible cause of latent hardening and 
stiffening is dislocation-dipole ribbons (or, as they are 

sometimes called, “debris”) formed by the intersection of 
dislocations during predeformation. This has been used 
to explain the transition from stage I to stage I1 defor- 
mation (Ref. 25). If we assume a mechanism of this type, 
it is not difficult to see how the soft-stiff effect could 
persist through annealing. Dislocations are rearranged 
during annealing and/or polygonalization, but their con- 
centration and orientation are likely to remain relatively 
unchanged. For similar reasons, it does not seem likely 
that dislocation dipoles would be removed easily by 
annealing. We could therefore expect that the orientation 
of the soft-stiff effect, as determined from the birefrin- 
gence patterns of as-cleaved specimens, would persist 
through annealing. The absence of such a correlation has 
been reported elsewhere (Ref. 6), but the tests in this 
Report, although inconclusive, suggest that the expected 
correlation does exist. 

Perhaps the real key to the interpretation of this effect 
lies in the relative work-hardening rates between the first 
and second stages of these modes of deformation. It 
almost seems as if, in the stiff mode, the two stages of 
deformation had been interchanged. Further study of this 
phenomenon should be made, not on cleavages, whose 
predeformation is indeterminable, but on crystal rods 
subjected to measured amounts of predeformation. 

C. Effect of Water Polishing 

Presumably, the other, less spectacular variations in 
the stress-strain curves, such as quasi-parabolic harden- 
ing, kinks, and variations in yield stress, are also due to 
interference between the active slip systems and artifacts 
of predeformation. There is, however, one such effect 
that was observed in as-grown crystals, namely, the in- 
crease in stage I1 work hardening by water polishing. 
There is some possibility that this was caused by slight 
amounts of predeformation from handling during polish- 
ing, but the effect seems too regular for such an explana- 
tion. We may reason that the polishing solution (or 
pyridine rinse) reacted with the crystal surface to pro- 
duce a barrier to emerging dislocations. I t  is hard to see, 
however, why this barrier should have no effect in the 
first stage of deformation and so marked an effect on 
the second, Moreover, the usual explanation for the tran- 
sition to second-stage deformation is the activation of 
oblique slip systems (Refs. 25 and 26) and it is not ob- 
vious that this would be strongly affected by surface 
effects. 
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D. Linear Relation Between 1, and GI 
Aside from the absence of stress-strain idiosyncrasies, 

the most remarkable property of the as-grown crystals 
is the linear relation between the yield stress and slope 
of stage I deformation (Eq. 5). Significantly, this 
equation predicts that a crystal with no initial work hard- 
ening would have a resolved shear stress of 18 g/mm2; 
this is well below 35 g/mm2, the minimum value for the 
resolved shear stress of NaCl as estimated experimentally 
by Rothwell and Greenler (Ref. 3). Nonetheless, it must 
be remembered that all of the crystals presented in this 
Report were similar with respect to starting material, 
furnace atmosphere, growth rate, cooling rate, and sub- 
sequent storage conditions. This uniformity of history 
may have eliminated parameters which, if varied, could 
have caused additional variations in mechanical be- 
h a v i ~ r . ~  Hence, Eq. (5) should, at present, be regarded as 
applying only to the crystals described in this Report. 

We may conjecture that the variation in the stress- 
strain curves of the as-grown crystals is caused by a 
defect which simultaneously raises the yield stress and 
the work-hardening rate. The most likely sources of such 
variation are the dislocation density and the impurity 
concentration. The density of dislocations does affect the 
yield stress and the work-hardening rate, but in opposite 
directions; a low dislocation density causes a pronounced 
yield drop whereas a high density causes work harden- 
ing (Ref. 27). Therefore, this explanation does not seem 
likely. On the other hand, a divalent ion, such as calcium, 
is capable of raising both the yield stress and the stage I 
work-hardening rate (Ref. 28). In accordance with this 
hypothesis, a comparison was made between the yield 
stress and the calcium concentration of the as-grown 
crystals (Fig. 20). Excluding specimen 7-1 (which is also 
anomalous with respect to Eq. 5), there is, within 
experimental error, a linear relation between the two 
parameters 

GI N 33.5 (Tu - 18) II 184C (6) 

which predicts a yield stress of 18 g/mm* for a pure 
crystal. This correlation is indeed encouraging, but it 
must be pointed out that the analyses (Table 1) are so 
unreliable as to be nearly worthless. Moreover, nothing 

*For example, divalent ions present as individual substitutional 
defects tend to raise the flow stress (Ref. 28). The same im- 
purity present as dislocation-decorating precipitates would be 
more likely to raise the yield point and/or the work-hardening 
rate. Therefore, variations in heat treatment prior to testing would 
affect the partition of the impurities between solution and pre- 
cipitates and thereby affects the mechanical properties. 
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Fig. 20. Yield stress vs calcium concentration in asgrown 
NaCl crystals (horizontal lines represent range 

of calcium analysis on several samples; 
dot represents average value) 

is known about the other variable quantities in the 
crystals such as the anion concentrations, vacancy con- 
centrations, or dislocation densities. Indeed, the calcium 
concentration may merely imperfectly reflect the varia- 
tion in some other parameter that more directly affects 
the mechanical behavior of the crystals. Therefore, this 
correlation should be regarded merely as an attractive 
subject for further investigation using high-purity crystal 
rods. 

E. Atmospheric Embrifflement 

The controversial subject of atmospheric embrittle- 
ment (Refs. 7 through 11) was not directly studied in the 
experiments reported herein. However, the qualitative 
observation has been made that, whereas the as-grown 
crystals retain their ductility even after prolonged expo- 
sure to varying atmospheric conditions, deformed crystals 
rapidly become brittle. It therefore seems possible that 
atmospheric embrittlement is caused by the preferential 
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reaction of atmospheric components with surface arti- 
facts of deformation, such as slip bands or dislocation 
dipoles. This hypothesis also appears to be worthy of 
further study. 

F. Joffe Effect 
The remarkable enhancement of the plasticity of as- 

grown crystals when deformed under water is especially 
significant. Most previous explanations of the Joffe effect 
have assumed that the water in which the crystal was 
immersed served merely to dissolve antecedent causes of 
embrittlement such as microcracks (Ref. 29), precipitates 
(Ref. 12), growth steps (Ref. ll), or adsorbed gases (Ref. 4). 
According to these theories, a crystal bent under water 
should have no greater ductility than a carefully water- 
polished crystal. 

The present work shows that as-grown crystals, lack- 
ing these surface defects and possessing a high degree of 
intrinsic ductility that is not so much enhanced as im- 
paired by water polishing, exhibit greatly enhanced duc- 
tility. One explanation for this “dynamic Joffe effect” is 
that the heat of hydration substantially diminishes the 

energy required to create new surface at emerging slip 
bands. Another explanation, proposed by Mendelson 
(Ref. 30), is the dissolution of subsurface barriers to slip 
(i.e., dislocation pile-ups and cross-slipped screw dislo- 
cations). This mechanism is analogous to the enhance- 
ment of ductility in metals by electropolishing during 
deformation. It is also possible, however, to explain the 
Joffe effect as a ramification of the thermodynamic fact 
that a crystal becomes more soluble under stress (Refs. 31 
and 32). This phenomenon has been experimentally con- 
firmed for sodium chloride by the observations that the 
solubility of salt crystals was increased during plastic 
deformation (Ref. 33). It has also been noted at this 
laboratory that, when salt crystals were subjected to bend 
tests under water, the stress enhancement of solubility 
was SO great that it caused preferential dissolution at the 
load members, thereby forming notches. Moreover, an 
examination of the knotted crystal (Fig. 19) shows prefer- 
ential thinning in the region of the sharpest bends. 
According to this theory, any surface stress concentra- 
tions that might cause premature fracture would be pref- 
erentially dissolved before they could do any harm. This 
theory in no way excludes Mendelson’s and both mecha- 
nisms are probably operative in the dynamic Joffe effect. 

VI. CONCLUSION 

It has been demonstrated that most of the inconsis- tively simple and comprehensible manner and exhibit 
tencies in the existing literature on the mechanical properties, such as the dynamic Joffe effect and the 
properties of sodium chloride crystals are the result of absence of atmospheric embrittlement, which have not 
artifacts, introduced during cleavage, which are not hitherto been reported. Therefore, only as-grown crys- 
removed by conventional annealing and polishing tech- tals, of the highest possible purity and perfection, should 
niques. In contrast, as-grown crystals deform in a rela- be used in future research on the subject. 
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Symbols 

a 

D 

E 

E f  

E; 

E ,  
G 

h 

Z 

K 

L 

M 
R 

S 

T 

TU 
W 

Y 
Y 

cf, 

x 

horizontal distance between outer and inner load members; 
beginning of test [mm] 

deflection of inner load members; assumed to be equivalent to cross-head 
deflection [mm] 

outer-fiber tensile strain, as calculated on the assumption of pure elastic 
bending [dimensionless] 

outer-fiber tensile strain at termination of test (i.e., at fracture or >9O-deg 
bend) as calculated from the cross-head load and deflection 

outer-fiber tensile strain at termination of test as calculated from measured 
bend radius and thickness of specimen 

outer-fiber tensile strain at yield point 

integrated work-hardening rate; i.e., average slope of stress-strain curve, 
dT/dE, during the first stage of plastic deformation [g/mm'] 

distance from center line of crystal cross section (i.e., centroid of cross- 
section moment of inertia) to bottom crystal surface [mml 

cross-section moment of inertia; 

10 mm at 

wx' dx of crystal cross section. The I b  
-b 

center line is so chosen that the moment of inertia of the top and bottom 
halves are equal [mm'] 

slope of GI vs Tu for as-grown crystals; GI/(Tu - 18) [dimensionless] 

total load on specimen; assumed equal to cross-head load and assumed to 
be equally divided between the two inner load members [ g] 

bending moment about crystal at any given point [g mm] 

radius of bending of center axis of crystal at termination of test [mm] 

tensile stress on outer fiber of crystal, as calculated on the assumption of 
pure elastic bending [g/mmz] 

resolved <110> { l i O }  shear stress on outer fiber, as calculated on the 
assumption of pure elastic bending; = S/2 [g/mm23 

resolved < 110> { liO} shear stress on outer fiber at yield point [g/mm2] 

width of crystal at any given point; for calculation of width-to-thickness 
ratio, w/%, w is measured at centroid [mm] 

Young's modulus [ g/mm*] 

yield point of outer fiber; measured herein as first noticeable deviation 
from linear elastic behavior (excluding anelastic feet at beginning of test) 

angle between normal of slip plane and axis of tension; 45 deg for NaCl 

angle between slip direction and axis of tension; 45 deg for NaCl 
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